Abstract: Hypothesis on electrostatic attraction mechanisms involving the hairy adhesion of climbing animals has been a matter of controversy for several years. The detection of tribocharge and forces at attachment organs of animals is a practical method of clarifying the dispute with respect to electrostatic attraction in the attachment of animals. Nonetheless, the tribo-electrification is rarely examined in the contact-adhesion of animals (especially in their free and autonomous attachment) due to the lack of available devices. Therefore, the present study involves establishing a method and an apparatus that enables synchronous detection of tribocharge and contact forces to study tribo-electrification in the free locomotion of geckos. A type of a combined sensor unit that consists of a three-dimensional force transducer and a capacitor-based charge probe is used to measure contact forces and tribocharge with a magnitude corresponding to several nano-Coulombs at a footpad of geckos when they climb vertically upward on an acrylic oligomer substrate. The experimental results indicate that tribocharge at the footpads of geckos is related to contact forces and contact areas. The measured charge allows the expectation of an exact attraction with magnitude corresponding to dozens of newtons per square meter and provides a probability of examining tribo-electrification in animal attachment from a macro level.
Introduction
An understanding of adhesion mechanisms in the hierarchical attachment organs of animals is of immense scientific significance and engineering potential [1−5] . However, the adhesion mechanism of animals' hairy attachment organs continues to constitute a controversial matter. Although extant studies over several years confirmed that van der Waals interaction [6, 7] and capillary forces [8, 9] play dominant roles in setae adhesion, electrostatic attraction is increasingly invoked [10, 11] to interpret the adhesion of hairy systems [9, 10] . It is easy to positively tribo-electrify hair [12, 13] , and thus animals' hairy attachment organs are expected to become charged and subsequently generate electrostatic forces [10, 14] as long as they interact with the environment to obtain forces to drive their locomotion. Unfortunately, there is a paucity of definite evidence to confirm the electrostatic attraction hypothesis in animal dry adhesion (especially involving free movement) due to the lack of feasible equipment.
Measurement of the tribocharge (the charge resulting from contact and friction) and forces at the feetsubstrate interfaces is a practical and effective method to investigate tribo-electrification and electrostatic interaction in animal attachments. Additionally, it is important to synchronously implement the measurements to reduce the error caused by charge dissipation and/or neutralization. Although facilities for measuring force [15, 16] and charge [17−21] are well developed, the synchronous measurement of both remains a challenge. Chiou et al. measured tribovoltage between two metals through a voltmeter and obtained contact forces by using a lever system [22] . Budakian et al. developed a type of rotary vane apparatus to study tribo-electrification between a sphere and a plate and obtained corresponding forces through a deformed cantilever [23] . Furthermore, a previous study used atomic force microscopes to measure tribocharge and forces between micro/nano objects [24] . However, to the best of the authors' knowledge, extant studies to date have not applied these techniques with respect to moving animals.
Based on electrostatic induction, Izadi et al. [14] measured tribocharge and shearing forces at the footpads of geckos that were compelled to slide on polytetrafluoroethylene AF (PTFE AF) film and polydimethylsiloxane (PDMS) film. However, in their experiments, animals were only compelled to interact with a substrate instead of attaching autonomously, and this, for one thing, may cause a deviation in the results, and for another, limited the practicability of their apparatus.
Therefore, the present study involved developing a technique and an apparatus with the aim of examining trio-electrification in the attachment of moving animals. The apparatus allowed the synchronous measurement of tribocharge and forces at the footpads of geckos when they climbed vertically upwards. Electrostatic attraction and its possible contribution were also preliminarily discussed based on the experimental outcomes. The successful synchronous measurement provided a method to conduct an in-depth investigation of tribo-electrification in animal attachment.
Materials and methods

Animals
Four healthy Gekko geckos (Linnaeus) with an average mass of 86.8 ± 7.2 g (mean ± s.d.) that originally inhabited Guangxi province (China) were employed in the experiments. They were raised in a room with a supply of live crickets and under simulated natural conditions including decorations involving rockworks, a water pool, a lighting system (with a cycle of 12 h of light and 12 h of darkness), air conditioning (23 ± 2 °C ), and a humidity regulator (60%−70%), before and after the experiments.
Techniques and apparatus
In summary, the system comprised of five subparts and included sensor units, a rotatable aisle, an image recorder, a data acquisition (DAQ) module, and a computer (PC) as shown in Fig. 1 .
Specifically, a sensor unit (as shown in Fig. 1 , a) that detected both the tribocharge and forces was embedded in a rotatable aisle (as shown in Fig. 1, b) Fig. 1 Testing techniques: a-a sensor unit; b-a rotatable metal aisle; c-a metal cage; d-a high-speed camera; e-a digital coulometer; f-a NI DAQ module; g-a PC; h-a 3d force sensor; i-a charge probe; j-copper foils; k-an epoxy glass fiber plate; l-an insulator film.
that was well-grounded to guide possible charge at the animals' feet into the earth prior to contact with the probes. The packaged aisle was fully protected by a metal cage (Fig. 1, c) to prevent environmental electromagnetic noises from affecting the test. A high-speed camera (Fig. 1, d ) (i-speed 3, Olympus, Japan) was placed in front of the aisle with its lens perpendicular to the aisle to record the animal-substrate interaction throughout the experiment. The charge signals were converted through a digital coulometer (ES111, ESDEMC Technology, Rolla, Missouri, USA, Fig. 1, e) prior to collecting the same with a DAQ system (National Instruments, TX, USA, Fig. 1, f) . In contrast, the force signals were collected straight through the DAQ module and were subsequently transmitted to the PC (Fig. 1, g ). The video recording and storing were directly completed on the PC.
In hardware terms, the probe simultaneously functioned as a charge sensor and force carrier to ensure synchronous detections of force and charge signals. In software terms, a trigger signal was generated and subsequently divided into three to trigger the subsystems such that the tribocharge, contact forces, and videos were conjointly recorded.
The sensor unit consisted of a three-dimensional force sensor with scale range of 1.5 N and a resolution of 2 mN (as shown in Fig. 1, h ) and a capacitor-based charge probe (as shown in Fig. 1, i) . In order to accurately measure charge, it is necessary for the capacity of the probe to be sufficiently small in conjunction with a sufficiently large resistance [25] , and this results in a large mass of the probe that can dramatically weaken the dynamical performance of the force sensor [26] . As a compromise, a probe was fabricated by laminating copper foils (25 μm in average thickness, Fig. 1 , j) on an industrial FR-4 epoxy glass fiber plate (as shown in Fig. 1 , k) with a size corresponding to 30 mm × 30 mm × 0.8 mm, a resistance corresponding to 10 14 , a capacity corresponding to 70.2 pF (smaller than one thousandth of that of the coulometer), and a mass corresponding to 2.06 g. Additionally, a thin acrylic oligomer film (as shown in Fig. 1, l) was coated at the top surface of the probe as a substrate to interact with the animals' feet.
Animals' feet move unpredictably, and thus it is difficult to track the object accurately in real time. Hence, the charge at the substrate that is equal to albeit with an opposite sign to the charge at the objects [12, 27] was alternatively obtained.
The system was calibrated before and after the experiments. The force sensor was calibrated with a dead weight ( Fig. 2(a) ) [16] while the coulometer was calibrated based on the user's manual [28] (Fig. 2(b) ). If the total capacity of the system corresponded to C, the system obtains a total charge of Q = CV D when being charged by a voltage V D . Thus, it is possible to calibrate the coulometer by comparing the measured charge and the theoretical charge (as shown in Table 1 ).
Experiments and data process
Prior to the animal experiments, the surface profile of the polymer substrate was observed by performing super field depth 3D microscopy (VHX-600E, Keyence, Japan) to estimate its roughness.
The tribocharge and three-dimensional forces at the geckos' feet were synchronously measured when The force signals and charge signals were processed in MATLAB (The Mathworks, Inc, Mass, USA) by using a method used in a previous study [16] . The recorded videos were decomposed into images such that the nominal contact areas A were acquired through image processing.
Results
A top view of the charge probe was shown in Fig. 3(a) whereas a lateral view was shown in Fig. 3(b) . The substrate corresponded to an insulator film with an average thickness of 12.4 μm. Due to surficial defects, such as scratches, the film surface was not very smooth and was full of micro pits and asperities (Figs. 3(a) and 3(c)). A calculation of the exact surface profiles led to obtaining a root mean square roughness (Rq) of 0.69 μm and a mean roughness (Ra) of 0.48 μm for the insulator substrate.
When a gecko treaded on a sensor unit (Fig. 4(a) ) embedded in the aisle, its foot interacted with the polymer substrate to obtain forces that caused its locomotion, and this resulted in synchronous tribocharge and forces at the foot-polymer interfaces. The charge was generated at the moment when the foot of the gecko came into contact with the substrate, and it increased steadily before it reached a maximum at the moment of separation (Fig. 4(b) ). Additionally, , n = 24). In contrast, the results indicated that the normal force peaks ( z F ) are irrelevant with respect to the contact areas (Fig. 4(c) ). Interestingly, when the geckos' seta arrays interacted with the polymeric films on a vertical wall, the geckos' hairy foot pads generally exhibited a positive charge with a magnitude ranging from a few tenths of a nanoCoulomb to a few nano-Coulombs. Furthermore, the charge increased with increases in the contact areas ( 2 0.79 R  , n = 24) (Fig. 4(d) ). As shown in Fig. 4 (e), the contact charge was evidently related to the contact forces. An increase in the frictional adhesion led to a significant increase in the contact charge ( 2 0.86 R  , n = 24)
Discussion
As shown in Fig. 3 , the substrate that interacted with geckos' footpads was not as smooth as mirrors and instead possessed a roughness of Rq 0.67 that was caused by surficial defects such as scratches. It should be noted the roughness of the substrate significantly exceeded the roughness span (Rq 0.1-0.3) in which the geckos could hardly adhere to the wall [29] . Thus, it was concluded that geckos could sufficiently contact the substrate without requiring any macroscopic sliding and generated reliable forces. When the geckos climbed vertically upward, their bodies moved sinusoidally (as shown in Fig. 4(a) insert) , and this resulted in a wave-like locomotion [30] with a velocity of 0.5 ± 0.1 m/s (n = 24), and this was in agreement with observations in previous studies [31, 32] .
When a gecko interacted with the insulator substrate through its feet to obtain forces that drove or retarded its locomotion, the tribocharge was generated at the moment when the hairy footpads were in contact with the substrate and began increasing before it plateaued at the moment of contact separation (Fig. 4(b) ). This was in agreement with the property of tribo-electrification. Specifically, the charge increased steadily even when the dominant forces (F y ) already decreased (Fig. 4(b) ), and this indicated that this part of the charge resulted from frictional contact. Moreover, the geckos' attachment completely constituted a type of frictional contact since their foot hairs could only adhere to a target following relatively micro slips [7] . Therefore, it was concluded that the measured tribocharge mainly resulted from the friction between geckos' foot hairs and the acrylic oligomer film. Extant studies on other materials indicated that the tribocharge accumulation rate strongly depended on the contactseparation speed [12] , and this may also hold for the tribo-electrification of geckos. It should be noted that the geckos moved with a similar speed in the selected trials, and the influence of contact-separation speed was not revealed here.
Linear regressions shown in Fig. 4(c) illustrate that the frictional adhesion forces (F s ) are linearly related to the nominal contact areas A (R 2 = 0.71, n = 24) and result in a nominal strength of 0.17 ± 0.07 N/cm 2 . Conversely, the normal forces F z were irrelevant to the nominal contact areas. The geckos' toes constitute a type of soft and anisotropic structure that is proficient at generating adhesion and at bearing tensile stresses. However, they are incapable of sustaining compressive stresses due to the small and irregular normal forces at the soft toes of the hind limbs of the geckos. Furthermore, this indicated that a large normal force was not indispensable for adhesive friction in geckos.
The study involved measuring the charge at the substrate instead of that at the moving target, and thus the negative charge at the insulator film suggested that an equal albeit positive charge existed at the geckos' footpads. This was in agreement with the fact that human hairs are always positively charged when they are rubbed with polymers [13, 33] because the geckos' foot hair possessed components similar to human hairs [34] . Despite the relatively low correlation (R 2 = 0.79, n = 24), the tribocharge appeared to increase with increases in the contact areas in the experiment (Fig. 4(d) ). This was consistent with the results reported in materials used in previous studies [35, 36] . Generally, large contact areas allow increased setae-polymer interaction that contributes to both tribocharge and forces.
Interestingly, the study findings indicated that the tribocharge significantly increased with an increase in the frictional adhesion forces ( 2 0.86 R  , n = 24) (Fig. 4(e) ). Potentially, the large forces enhanced the electrification that occurred at the seta-solid interfaces. Obviously, the tribocharge divided by the contact areas gives a charge density (σ) of 4.05 ± 1.03 pC/mm 2 (n = 24). However, it should be noted that the charge density is definitely underestimated here for two reasons. For one thing, the measured charge (i.e., the charge induced by the real tribocharge) is generally a little inferior to the actual ones. For another, the nominal contact areas are considerably overnumber the actual ones and probably even larger than quintuple of the same [37] . Interestingly, the comparison between the nominal frictional adhesion (0.19 N/cm 2 ) here and the actual frictional adhesion corresponding to a gecko's foot on polymers (for example, 2.3 N/cm 2 on PTFE [14] ) approximately estimated the actual contact areas as corresponding to about one tenth of the nominal areas. Thus, the actual charge density should significantly exceed 4.05 pC/mm 2 . Nevertheless, the density of tribocharge that was determined as corresponding to the footpads of freely, vertically, and upward climbing geckos was still smaller than that reported by Izadi et al. [14] . This is because Izadi et al. used different materials (PTFE AF and PDMS) that correspond to the most negative position of the tribo-electric series [35, 36] as a substrate. Additionally, the hairy footpads were compelled to slide on the substrate for approximately 10 mm in their experiment, and the long sliding significantly benefited the tribo-electrification [38] . Moreover, high humidity may also weaken the tribo-electrification in the experiment performed in the present study.
A parallel plate capacitor model was used to approximately estimate the electric field force per unit area that results from the tribo-charge if the boundary effects are overlooked [27] as follows:
where ε denotes the effective permittivity. The above charge density was substituted into Eq. (1) to obtain a nominal electrostatic attraction strength that approximately corresponded to 1 N/m 2 if the charge dissipation was ignored. Considering the negative deviation of measured charge density, an exact electrostatic attraction with a magnitude of approximately dozens of to hundreds of newtons per square meter would be generated if a more precise charge density was obtained.
Nonetheless, the electrostatic attraction is still significantly smaller than that obtained by Izadi et al. by pulling a gecko's foot on a PTFE AF film for a few millimeters (approximately 4.7 × 10 4 N/m 2 ) [14] . The disparity indicates that the electrostatic interaction at the setae-acrylic oligomer interface may not function as dominantly as the claim in the previous study when geckos move freely. Given that the function range of electrostatic interaction significantly exceeded that of van der Waals interaction, the electrostatic attraction was ideally expected to function in the next step from a distance in which the van der Waals forces were unable to function to reduce the setae-substrate gap such that the van der Waals force could come into effect. However, the assumption was still indeterminable and will be strictly verified in future experiments.
Conclusions
Conclusively, the present study involved using a self-developed apparatus to measure the tribocharge at geckos' footpads when they climbed vertically upwards. The successful synchronous measurement provides a method of deeply investigating triboelectrification in animal attachment. Interestingly, the results indicate that the tribocharge is related to the frictional forces and contact areas. The experiments illustrate a nominal charge density of 4.05 pC/mm 2 that generates a nominal electrostatic attraction corresponding to 1 N/m 2 . An electrostatic attraction with a strength corresponding to approximately 25-100 N/m 2 is expected to be obtained given that the actual contact areas as opposed to the nominal areas are applied for the calculation. However, the electrostatic attraction continues to remain smaller than the van der Waals forces.
There are still a great many of issues unclear additional to this preliminary study on the triboelectrification in animal attachment. As a continuation, the issues including the actual contact areas of freely moving animals, the influence of substrate materials on the charge, and the precise extent to which the tribocharge contributes to the adhesion and friction will be further investigated. 
